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ABSTRACT 
An exp~imental investigation was carried out to determine 
the heat affected zone notch toughness properties of two 
steels: 1) ASTM A 808, an as-rolled low carbon -
manganese - columbium - vanadium steel and 2) ASTM A 710 
Grade A Cla.ss 3_, a quenched and precipitation hardened low· 
carbon - nickel - copper - chromium - molybdenum -
columbium stee.1 ... 
'The toughness properties in the grain g.rowth zone of the 
~eat affected zone were measured for three heat inputs (2, 
4 and 6 KJ/mm) and three conditions (as welded, stress 
reliev~d for two hours and stress relieved for 10 hours}~ 
It was found that an heat input of 2 KJ/mm does not have a 
detrimental effect on the toughne.ss of ASTM A 808. At 4 
KJ/mm, a reduction of toughness due to welding is 
relatively -small and can be partially compensated by a 
stress rel_ie··f heat treatment. At 6 KJ/mm, the reductio·ll o>f 
toughness is impq·rta.nt and is. f.u.rth-er i:no.reased.. J;,.y h:eat. 
tre.cltment·. 
~ 
·< 
!· 
·F:o:r: the ASTM A 710 steel, J.·t was f·ound that welding 
have a very detrimental effect on the toughness of the 
base metal in the heat affected zone. The deterioration 
increases with increasing heat input. However, due to the 
- 1 -
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very high initial toughness of the base metal, despite t~e 
detrimental effect of the welding, the toughness of the 
J 
heat affected zone may still be considered, as extremely 
good for heat inputs equal or smaller than 4 KJ/mm 
(transition temperature measured :at 47 J remains below 
-55 ° C) . 
·:Th·e extremely high initial tOu'ghn·ess of the plate used: __ , 
gompared to the toughness required by the ASTM 
sp·ecification, weakens somewhat the result of the 
·experimental work .• - .lt, is not clear if a s .. imilar sh·f.f-t o::f 
the transition temp·erature after wel,:&ing· would. have 
occured if the plate:, :in ·the as re·ceive·.d condition, had 
j·1.1st met the tou.ghn.es.s.: re:qµ;:iren.te:nt·s o.f·· the ASTM Standards. 
·- ·.-2· ~ 
I 
• 
.. 
'· 
INTRODUCTION 
Strength, toughness, fatigue resistance, creep resistance 
and corrosion resistance are among the major material pro-
perties which must be considered for the proper design of 
a steel structure. In addition the development of fracture 
mechanics has emphasized the importance of the fracture 
toughna~~- Fracture toughness is now used to predict: 
- critical flaw size for which fast failur~ will theo-
retically occur, an.d 
-~ c'rack growth resi·st=an¢.e. :a·nq. t·at.:i.gue ·1±fe 
The fracture toughria·$.s· ·1s the g:t>verning material property 
in the so---ca.l'l·.e·d .£.ail safe desi.gn. Accordingly, new 
stru.ctural and pressure vessel steel grades were develop·ed 
for high toughness. Generally these new grades have low 
carbon content (below 0.15 %) and make use of small 
quantities of alloying elements to achieve the desired 
strength and ·toUghness properties. 
In the cas· .. e .. -o.t welded stru.ct.ures.,. t:he arc welding proces-
ses sub:ject t:ne base metal t'o severe thermal fluctuations 
a.nd. :may therefore change the favorable initial properties 
i.n the heat affscted zone. It is therefore necessary for 
:newly developed steels to characterize weldments in terms 
of their effects on the material properties in general and 
- 3 -
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on the fracture toughness in particular. 
. . 
With this in mind, the Fabrication Division of the 
Pressure Ves·sel Research Committee sponsored an investi-
gation on the toughness properties of the heat affected 
zone for two relatively recent steels: ASTM A 710 Grade A 
·c·1.ass- :3 and ASTM A 808. 
I ': 
.. 
·The investigations include .:. 
- effect of heat input r2· kJ/mm·,, 4:. kJ/mm and- .6 kJ/mml .on. 
the impact toughn·e.s.s -of· the heat affected zone. 
- effect of post w_e·:l:d .. :_he,at treatment and post weld heat 
treatment time on the: toughness of the heat affected 
z.one for weldment,s: :mad.e: at 2, 4 ·and 6 KJ/mm. 
·This thesi.s. s:ununarizes these -investigatio·n:s·. and their 
·results. 
- 4 ··-
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A BACKGROUND 
Al DESCRIPTION OF THE INVESTIGATED STEELS 
ASTM-A 808 (Ref. 1) 
ASTM A 808 was first included in the ASTM Standards in 
1982; the latest revision is dated 1984. This steel is 
defined as a high-strength low-alloy carbon - manganese -
columbium - vanadium steel of structura·1 quality with 
improved notch toughness. It is made ·to a fine grain 
practic·e and can be delivered in thicknesses up to 64 mm .• 
It achieves its relatively high strength and high tough-, 
ness in the as-rolled condi·tio·n:; without subsequent .h:e:at: 
treatment. 
The specified chenr±cal ·a-nd mechanical properti·es: are .inai-· 
cated in ·T-ab.l·e·. ·1 ... The main alloying element, manganese, is 
known to increase the tensile properties without reducing 
ductility (Ref. 3, Page 265). It also, usually, decreases 
the transition temperature (.Ref. 3, page 4-85). The sili-
con is essentially used as a deoxidizer and has therefore 
a favorable effect on the toughness. 
The role of vanadium and columbium (l) is mote complex, as 
described in Ref. 4 : 
- During the latter stages of rolling, strain induced 
precipitation of columbium carbonitride particles take 
- 5 -
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place which retard the growth of the recrystallized 
austenite grains after each rolling pass, thus 
producing a finer grained product and, accordingly, 1 • 
higher strength and toughness. 
- Any columbium remaining in solid solution after the 
completion of the rolling process subsequently forms a 
very fine precipitate during transformation and these 
finer columbium carbonitrides give rise to an increased 
tensile strength but lower toughness properties. 
- Vanadium carbides ,and nitrides precipitates play .a·: roJ~.e 
similar to the columbium carboni ..trides. 
'fhe pearlitic microstructure of this steel is shown in 
·. . ..• 1'1.1.crograph 1 • 
ASTM A ·110 Grade A steel was first :·inc::lu.Ci.ed in the ASTM 
Standards in 1974; the latest revisi·oi'l is dated 1984. 
This steel is defined as a low· car:bon age-hardening ni-
Element 4i was named Columbium by its discoverer in 
1801. It has been later renamed Niobium (from Niobe, 
daughter of Tantalum). While The American Society for 
Metals seems to use the new name, the American Welding 
Society has decided to use exclusively the old 
denomination. In this thesis we will use the old deno-
mination, as recommended by the American Welding 
Society 
- 6 -
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ckel - copper - chromium - molybdenum - columbium steel 
for general applications. 
I:.t:. can be delivered in thr·ee ·O't:>iidit·i:.on·s: : 
Class 1 - as rolled and precipitation heat treated for 
thicknes·s::es up to 19 mm 
ct.a.ss· '2: - normalized and precipitatio·n. :he·at tre.ated for 
thicknesses up to 100 mm 
Class 3· - quenched and precipitation heat treated for 
thicknesses up to 100 mm 
F:or this study,, w.e. will only C·onsider the heat treatment 
as per class 3 which produces ·th_e· highest impact 
properties . 
. A typical .heat. ·t:re·atment for clas·s :3: is ind.icated in 
':·Ref •. 5. ·(.p·age ·322}: f:or a plate thickne.s:·s ·o·f 57 mm : 
S1tep ·1 -~- .no-rma:l,i z.in·g -at 9 o Q. ·0 c during 1-3 ,5 ::lni.n 
st·el? 2· ·- ·-water quench 
•• 
:st.ep 3 ~· precipitation hard.e:r1.ing :·at. _(t$·.o· 0 c ·a-u.:t!n.g 3::-0 ·min 
st:ep 4 -· :air cooled 
·r;rh~ p:r·e'cipitation hardening after quenching has a similar 
effect to tempering except that substantial strength in-
crease is obtained by the small copper particles which 
form (Ref. 6, page 3). 
·- 7 -·: 
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The specified chemical and mechanical properties for this 
steel are indicated in Table 2. This steel is characteri-
zed by a very low carbon content. The main alloying 
element in this steel is the copper. The role of this 
element is multiple: 
1): It increases the hardenability of C-Mn steels as shown 
i_n Fig. 1 (Ref. 7, Page 76), s.o that, even for very low 
carbon content, a martensitic-: :m-icro·structure may form 
on ~.dequate quenching. 
·2) :I·t has a marked precipitation hardening effect as ·shown 
·in Fig. 2. The optimum precipitation effect is obtained 
-for copper content between 1 and 1. 5 % , at which full 
saturation of copper could be expected as shown in Fig. 
3. 
It· i:s :a·l-so observed that the presence of: ·copper generalJ.;y 
decreases the transition temperature. Risk of hot 
shortness, due to the presence of low melting copper, is 
controlled by the addition of nickel (Ref. 7, page 75). 
Finally the presence of copper increases the atmospheric 
corrosion resistance of the steel • 
:The other alloying elements are 
- -Mangan_ese which, as described befo.re, increases the 
:t.e:nst.le. properties without reducing the ductility and 
- 8 -
iftcreases hardenability. 
- Chromium and molybdenium which are esentially used to 
increase the hardenability of the steel. Both are known 
to slightly increase the transition temperature. 
- ~i:c~el has a lower strengthening effect but j.s useful 
:f·c>"r improving the notch toughness, especially for low 
carbon steel (Ref. 3, page 4-86). It further, as indic·a"'"'! 
ted before, reduces the tendancy ~t hot shortness •. 
- Col'uinbi-um is._ use.d essentialy for i:ts grain refinement 
,properties and p_recipi tat ion .hardening effect • 
. A:s seen i·n Tabl._e 2., ASTM A 110 Graqle ~--· ·cl_·a,ss 3 s·how$ -~p 
exceptionally high toughness a.t· ·1:ow temp.eratures. It seems, 
·t-hat this is due to the .p:re_s·ence of a very low carbon mar-
tensitic microstrucure. The constituents in the micro-
s.tructure, as shown in Micrograph 2, include very fine-
grained polygonal and acicular ferrites, bainite and 
tempered low-carbon -artensite. 
I.t:, mu·st be further· ·noted that t·he :properties of the steel 
·m:ay be adjusted to me.et specifi·c r-equ~rements. As shown 
:fn Fig. 2, adjustment in the precipitation hardening tem-
perature may allow higher strength with some sacrifice in 
the minimum toughness or alternatively higher toughness 
may be obtained with some loss of strength. 
- 9 -
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Increasing the precipitation hardening time is described 
(Ref. 6, page 5) to have no significant effects on the 
Charpy v-notch impact properties, but reduce slightly the 
tensile and yield strength as shown in Fig 4. The same 
reference indicates that the final cooling rate has a ne-
gligible effect on both strength and impact properties. 
·Apart from the ·fact that the Pressure Vessel R.esearch 
Cammi ttee has s·ponsored the experimental work on the two 
above mentioned steels, these two steels had_, for the 
purpose- of this study, following advantages .:: 
1) They represent a new trend to promote high strength, 
high toughness and also improved atmospheric corrosion 
resistance by addition of small quantities of alloying 
element_!;l :• 
-· 
2) ·Th.·e·ir high toughness: 'prop.-e.rties should ·promote their 
-u:s:·e_ in the future .-if· good weldability is experimental-
ly: confirmed. 
:3J: ASTM A 808 and ASTM A 710 Grade A Class 3 represent two 
different manufacturing conditions (as-rolled by oppo-
sition to quenched and precipitation hardened), and 
should therefore react in a different manner upon wel-
ding. 
- 10 -
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A2 GENERAL CONSIDERATIONS ON FRACTURE TOUGHNESS 
A2.l RELATION BETWEEN FRACTURE TOUGHNESS AND CHARPY 
V-NOTCH IMPACT MEASUREMENTS (Ref. 8) 
It is not the purpose of this thesis to discuss either the 
fracture mechanics :;t.ih:fch le·aa ·to the concept of the plane 
strain fractu.re toughness or the importance of this con-
cept. we· feel however that, in order to better analyse the 
:results of the testing, it is important to realize how 
.. this: :concept may be used. 
·we·1:1 :before modern fracture mechani:c.s concepts ·were deve-
lo.ped, laboratory tests were us·e:d. ·tp :describe the fracture: 
b,eltavi·our of a material. One o·f thi·$ test method, the 
c~:a..·rp_y V~notch (CVN) impact testi:ng i ~llowed inexpensive 
ari'd rapid measur.ement of the mater·ial toughness and was 
specified in many ·cod.es.: However, compared to the plane 
strain fracture toughness, the notch impact energy has .a 
limited practical use as it is not a material property. 
Barsom and Rolfe (Ref. 9, 10) have not.ed that the CVN cur-
ves and the plane strain fr·acture t·oughness curves are 
s 1:i.milar and they proposed: an :e-xp.eri-me·nt:a-.1 correlation 
between CVN measurement·s and fracture tougness values. 
valid for: structural ste·e;Ls in the transition re.gi.on : 
K. · "-· vo.64 XE X CVN1 .. ···· -~ 
.. 1C (Equ. 1) 
• 
with i<:1c == plane :strain fracture toughness in MPafin 
E = Young's modulus 
CVN • CVN absorbed Energy 
I 
in GPa 
in J 
They further noted that the dynamic and static fracture 
toughness curves, respectively CVN curves, are seperated 
along the temperature axis by a fixed temperature 
differential which depends only on the yield strength, as 
shown schematically on Fig 5. 
The loading rates were defined as. ,follows • • 
. dynamic loading rate 0 .• 001 sec. to failure 
:slow loading rate 60· ·Sec. to failure 
i·rttermedia te loading rate 1 .sec. to failure 
Barsom and Rol·fe·: expressed the shift. i·n, te-mperature 
. . 
between d.ynamic and slow or intermediate loading 
rate fracture toughness and CVN absorbed energy as: 
A T (6'0; sec. ) - 120 - o. 121 YS (Egu. 
A T· ( 1 .s.e_.c.·J - 0.75 (120. - o. 121 Y'S.) (Egu. ' ·-
2) 
3) 
with ~ T (·,6:".0 S:SC. ): = temperature shift in ° C between 
dynamic and slow loading rate 
.A 'T- ( l .s:-Eac ,, l .=== temperature shift in ° c betwween 
dynamic and intermediate loading 
'YS = yield stress in MPa 
- 12 -
This equation was later confirmed by extensive testing 
made on ASTM A7, A36, A242, A440, A441, A514 and A588 
which are all structural steels with yield strength from 
250 MPa and 690 MPa (Ref. 10,11). This testing covered 
thic)cnesses varying between 12. 7 mm and 50. 8 mm and used· _a: 
·wide range of temperatures and loading rates. 
It must"'be. noted that these formulas are not universal. 
:Qthe·r f·ormulas have been developed for other materials 
(Ref. 7,page 344). These relations should be verified for 
e·:a,¢h new material. We however note the lack of 
verification of such relations for weld metals: and heat 
affected metals. 
- 13 -
A2.2 SPECIFICATIONS 
For historical reasons (CVN measurements were specified 
when the concept of plane strain fracture toughness was 
not yet developed) and for economical resons (CVN 
measurement is less expensive and more rapid, equipement 
was already existing), CVN absorbed energy measurements 
are specified in most structural codes and in particular 
in· the Standard Specifications for Highway Bridges from 
:the Ame-rican Association of State Highway and Transpor-
tation Officials (AASHTO), Ref. 13 (ll. These codes gene--
rally specify a minimum_ absorbed impact energy at a 
--certain temperature. This corresponds in fact to the 
S:_pecification of a maximum transition temperature which i::s, 
related to the service temperature. For example, the 
AASHTO specify a minimu.m abs_orbed energy of 20 J at -12 °-c: 
for b.ridges to -be b.u_.il:t in areas where the ·minimum service. 
t.em-perature is. ,no·.t- ,_-1\ower than -51 °c. 
·rt is important to acknowledg~ at this point that the 
difference between the specified transition temperature 
and the service temperature does not only accomodate the 
(1) ASTM A 808 and ASTM A710 are both described as 
structural steel or general purpose steel, but are 
not listed in the AASHTO (Ref. 13). 
- 14 -
shift of temperature between intermediate loading rate (1 
sec. to failure) and dynamic loading rate, but includes 
also an artificial shift of temperature which assures 
that the material will always be used in the upper shelf 
region of the fracture toughness curve, as shown in Fig. 6 
for ASTM A 572 Grade A steel. In this figure, the 
transition temperature of the materi~l, defined at 20 J 
absorbed energy level, :amoun-t-s. - 12· 0 :C. 
The shift in temperature between dynamic and intermediate 
1·0.a·ding rate amounts ( from Equ. 3) : 
J\:..·T·-. u·· . .... ;.--. 'O • 7.,5· ;f :1.2 0 -- d- •. -121 YS) = 5. --a·_. 0 c 
. .· .' 
(6t a yield strength YS ~· 345 MPa. Thus, for loading rates 
wh-ich are typical for bridge·s, the transition temperature 
c1~ t.he material will be at - ·7:.o: 0 c. However, instead of 
a,11owing the use of this specific material for service at 
temperatures above - 70 °C, the AASHTO specify that this 
material should be used only when the service temperature 
exceeds - 51 ° C. As indicated in Ref., .. 12, the purpose. of 
the artificial shift of temperature from - 70 °C to - 51 
·
0 c· was to ass·ure that the material wi·11 be. used in the 
µpper shelf· _region of the :fra.cture. t.oughness curves. 
A2.3 METALLURGICAL CONSIDERATIONS 
- 15 -
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Some attempt have been made to relate the notch toughness 
to the composition and microstructure of the material. 
Gladman, Dulieu and Mc Ivor developed an empirical 
relationship of the temperature Tc at which a standard ·10 
x 10 mm Cjlarpy v-notch specimen absorbs 27 J during 
I 
fracture. This relation was reported by Preston in 
Ref. 4 : 
oc.. . 1/2 -1/2 o C 2/N Tc: = C1 ... J,.l. 5 . · mm d + K2 S6 + 0. 5 mm 
+ o .• s ~c mm
2 /N sh + 2 .2"C/% •• (% pearlite) 
. ·~ . 
= grain s·1·ze 
s + p 
S6 = basic strength of the ferrite lattice 
including any contribution from elements in 
solid solution [N/mm2 J 
$p = strength increment due to precipitation 
hardening [N/mm2 J 
s:n: = strength ha·rdening due to· :dislocation 
hardening [N/mm2 ] 
,1'1.,1 .coefficients are empirical .apd v~ry depending on the 
µ:l.lt·hors. The indicated values are :average values. The 
:,ta·lue of the coefficients c1 and K2 are not indicated, as 
·t:hey depend on the type and distribution of carbide phases 
in the steel and on the particular alloying elements. 
It is interesting to compare this relationship with the 
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equation which relates the yield strength, YS, to the 
composition and microstructure of the material: 
.. : ·. -3/2 
.YS = c2 ... 18 .• $ N/mm d-112 ·+· :s ... +' s + 
. ·',S . ···_p· 
The comparision: of these two equations shows that the 
bnly way to in~rease both strength and toughness is to 
r-educe the grain size. It. mu$t further be noted. that the 
contribution of the grain size compared to the 
contribution of solid solution, precipitation hardening 
and dislocation strengthening ia important (Ref. 4, page 
. ' 
::J<O: and Ref. 14, page 107·) • 
A3 WELDING CONSIDERATIONS 
During welding, the region .o.,f the· ·oas.e ntat.e.ria.l 0·1·o·s,e ·to 
the weld interface .i.s sub-j:,e:cte-d. to. .impoOJ::tant thermal 
r·l·uctuations which \\till change, th:e ·original grain size and 
microstructure of the b··a-se :mater:fa:l... .T·he ·transformations 
wi.11 depend on : 
.]..J the prior th·ertn,fl at1d ·:me.c-h.ani.ca-1 h:istory of the 
material 
\: 
2) the allo_y·ing: elements and :a-I.lo.y c.o.ntents of the base 
material 
3) the heating and cooling cycle during welding 
- 17 -
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For the ease of the discussion, the heat affected zone 
(HAZ) can be schematicaly divided in subzones as shown in 
Fig. 7. 
The different subzones: t:r:re. :. 
' • •·. • "! .- .•. ·, 
Gra-in growth .zone (above ll·Ot). c,.Cl 
I:i;i t·his zone, following the 
- transformation during 
·heating, the austenite grains have sufficient time to 
irow. Upon cooling, ferrite starts at the grain 
.bou-ndaries. Depending upon the cooling rate and the 
.hardenability of the steel (high CE) , harder 
microstruct.ures may form. Martensite forms in the high 
CE steels and, since it is the final product to: form, 
it is mainly concentrated at mid grains. 
Gr:ai"r1 refined zone (900 ° c to 1100· .. ~ CJ .. , 
Following the 
-
transf orma·tion during he.ei"ting, th:e 
austenite g·rain·s -cJ:o not have sufficient.: time to grow,.-
The large: b·o:und:a:ry· ar~a as$·ociated with small grain 
size contain-s a 'lar.g.~r :numb:er of nucleation site.s· ·f·o-r 
ferrite and· promotes tl1e formation of very fine 
ferrite. The austenite that remains at the grain 
centres become richer in carbon. Once again, depending 
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on the cooling rate, harder microstructures may form. 
Partially transformed zone (750 °C to 900 °C) 
This zone correspond to the two phases zone + of 
the phase diagram. The existing will grow. The 
' 
which have transformed to austenite upon heating, will 
retransform ta ferrite upon cooling in a way similar to 
that descibed for the grain refined zoneo 
Spheroidized carbides zone (700 °C to 750 °C) 
This zone correspond to the degradation of the lamellar 
pearlite to spheroidal particles of Fe3c (surface 
reduction). 
It · quite obvious that the thermal fluctuation due to 
welding acts like a heat treatment of variable magnitude 
which will modify the microstructure and grain size 
obtained through prior heat treatment (quenching, 
precipitation hardening) or mechanical deformation (hot 
or cold working). This will be discussed later. As already 
mentioned the final microstructure will essentially depend 
on the cooling rate and on the hardenability of the steel. 
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HARDENABILITY 
The so-called carbon equivalent formulas (CE) have been 
developed to give an indication of how the alloying 
elements affect the transformation characteristics of the 
steel, or more specifically they indicate whether or not 
martensite is able to form. 
T,h·e I-nternati.onal Institute of Welding (IIW) propose the 
£0:l.lowing f.ormula. : 
Mn Cr + Mo + V Cu+ Ni 
CE.: :(IIW) -
·- C + -- + ----------- + ------- fE:qu: .• _ 4.J 
6 5 15 
A more det·a-i.led formula has been adopted in Japan (Ref. 
14, page -l:l-1) : 
Si Mn Ni Cr Mo V 
'.CE (:Japan) - .C + -- + -- + -- + -- + -- + -- (Equ •. -· 
24 6 40 5 4 14 
,:5) 
..,Th:is .s .. ec_ot1d formula seems to better reflect the role of 
·;e_ach: al.laying element on the hardenability, when compared 
to· .F.:ig •. 8 (Ref. 2, page 286). Compared to this figure, the 
ro1--e :of Mn .. s.eems to be slightly overestimated in both CE 
f:a.rmulas. A CE of O. 4 or more indicates that the steel i-s: 
sufficiently hardenable to form 1nart·.ensite for the codling 
rates met in welding. 
:~ccordingly a. CE. of o. 4 indicates : 
- the upper limit of good weldability without the need of 
preheat (preheat will reduce the cooling rate and delay 
the formation of martensitic microstructures). 
- The :max allowable CE value to avoid hydrogen assisted 
·cr·a:clc·ing (HAC) • (Microstructure that is partly or wholly 
·martens! tic is one of the three conditions necessary for 
hydrogen assist.ed cracking) . At CE larger than o. 4 
-.s:pec:i.al mea:su.r·es must be taken. to avoid this problem 
.(·pre·he:a:t,- 1·ow·, hydrogen e.le.ctrodes,. etc). 
Easterling (Ref. 14) how.ever questions the accurac::y :O-f 
these CE formulas when applied to low carbon str,lct-ura.·1 
steels. He considers that the elements Mn and Mo are· 
overestimate:d in the reduced carbon st·e.-el·s .. 
HEAT CYCLES 
Two facts related to the he.at: cycle· .gove:-f:n: 't.n¢ 
.mf c:ros-tructure : 
1) the time during which the :g:t·a·i11 growth can occur 
2) the coo-litlg rate or the cooling time. For we.-lding of 
steels, the cooling time from so·o to 500 ° c is widely 
accepted as an adequate index for the thermal condi-
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tions under which the austenite to ferrite transforma-
tion takes place (Ref. 15, page 37). 
The cooling rates may be calculated using following--
formulas (Ref. 16, Vo.lume 1, page 84) • 
I'l"l ·-ca,se of thick plates, cooling occurs in three 
.di:re.ctions and the three dimensional cooling fo~u-la: ltllJJ;t 
be, ·used : 
2 
2 it k (To - Tc) 
R = -----------------Hnet 
(Equ. 6) 
~rt base of relativel~ thin plates where the heat is 
essentially "dumped" by the th~ material to each side of 
the weld (heat flow thr.o.u.gq ::tb~ ·th,ickness is negligible) , 
:th:e two·, .ai·mensional cool_in..g. (t>_;rI1:1u·1:a m:ust be used : 
2 
t 
R== 2 at. g -0 ----
.3: 
( To ·- :to:-) 
.g.··_.· 
•. 
t 
Hnet 
= thermal. co:n_gJJctt:itrity 
= density· 
= specific heat 
= thickness 
Hnet = net heat input = f'l a 
H = total heat input 
.- .2:.2: ··-
J/mm sec °C 
gr/mm 3 
J/°C gr 
mm .. 
J/mm 
J/mm 
- arc efficiency 
/J = 0.65 to 0.85 for GMAW OR 
JJ - 0.90 to 0.99 for SAW -
.T:·C): - starting temperature (preheat 
or interpass temperature) 
·Tc = temperature at which :cooling 
rate is calculated 
R = cooling: r:ate 
FCAW (Ref. 16) 
(Ref. 1(5} 
oc 
T:tt.ese two formulas indicate clearly the importance of the 
':preheat temperature and of the heat input on the cooling 
rate. 
In Appendix c we. :n~ve: c·a.lculated for the welds in this 
s.·tugy· : 
·~ 
- th·e tini:e for .. graicn growth defined as t-h·e cooli:r1g time 
t.tom :l:5:00 ° c to 1·100 ° c . (Heating t.ime and dwell time is 
.. 
J~:n, f:irst approximation n·eglected) • 
.;- ·tne ·cooling time from .800 °C to so·a· ~·c 
·rr.11~· results are .'.presented in :Fig· •.. 9 .. ancl ·:1.·.cJ., 
WELDING PARAMETERS 
For a given material (given CE), the microstructure and 
gr~in size of the heat affected zone in the as welded 
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condition can only be governed by the proper choice of 
heat input and preheat temperature. High heat input will 
promote grain growth and softer microsturctures. Low heat 
input, on the other hand will keep the grain size to a 
more favorable level, but may cause martensitic transfor-
mation. 
For ~aqh nt~t-erial to be welded, the pro.per combination 
must be choosen to obtain the required strength and 
toughness economically. The economi.cal requirements are 
generally to avoid unnecess::ar·y p.reheating and to increase 
the fe.a~ab.Ie we-:1.d deposit size (highe.r heat input) .. 
WELDING OF ASTM A 808 STEEL 
ASTM A 808 is delivered in the as rolled condition. The 
carbon equivalents, as indicated in table 1 for the actual 
plate \l-,sed in the test-, are : 
as pe·r egu •• 4 CE: ( I:IW)' -- 0:.:358 
-as :p.e·r equ:~· 5 -c·E· (J.ap:an·). -~ 
:.1. 
lit·y to martensitic transformation and accordingly no 
·preheat temperature should be required, even for low h.·.eat-, 
input and relatively large thicknesses. 
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As discussed before, the higher heat inputs may cause 
larger grain growth which is detrimental for both strength 
and toughness properties. The grain growth may however be 
limited by the presence of van:a·di·um and columbium 
carbides/nitrides in the heat affected zone. It is known 
that carbides and nitrides have a pinning effect which 
prevent grain growth. During a heat cycle, these 
pre.cipi tates tend to dissolve. This is however a 
t·emperature and time dependant reaction. Columbium an·d 
vanadium carbides/nitrides are known to be, relatively 
~.table as shown on Fig. 11 (R·e:f. 14, page 122-123), $0 
that a relative·1y -lo.n.g time at high temperature is 
necessary for their complete dissolution. Accordingly, the 
presence of these carbides/nitrides will prevent grain 
.growth in the HAZ up to a certain heat input level. Thi.s. 
will .alsQ t$nd to widen the grain refined zone (Ref. 14-t 
:Page .14:~: )- :.. 
It-. s·eems therefore that ASTM -A :s-0:8 st·ee'l c·an be welded . ; . . " . --• .. . . . 
over a large rang-e of heat input without .sig.nif icant lo$~ 
·of- ·toughness. .The purpose of the te.st·ing w=i_l.l b·e.: t,o ver.,t_f_y 
thi:s as·st1.mption. 
WELDING OF ASTM A 710 GRADE A CLASS 3 STEEL 
This steel, as previously discussed, is subjected prior td 
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welding to quenching and precipitation hardening. The 
purpose of the quenching is to promote the formation of 
bainite and martensite microstructures. The precipitation 
hardening, which follows the quenching, will temper the 
martensitic microstructure and accordingly decrease the 
strength and increase the toughness of ·the material and 
will caU$:fa: :precipitation of small copper particles which 
' . 
·will, as· ·discussed previously;- incre·ase substantially the 
st'rength, but decrease the toughness. 
The weld heat cycle. will :basically: 
l) reausteni tize ·t.ot·~lly th·e grain:s itl the grain growth 
zo·ne and the grain ·refin.ed zone and partially in the 
partially transforme.d :z,o:ne. The weld heat cycle will 
· "delete" the effect of the prior heat t-re·atments 
(quenching and precipitation hardening) in this three 
zones. The microstructqre after welding will depend 
essentially on the weld heat cycle • 
. 2·:) i.11' the lower temperature .zone:s of the HAZ there may be 
a·n ·over-te.mpe:ring and ove·raging effect. 
T:.b~ ::s,elect:i.o.n t:rf the alloying el.em.ents of quenched ate.els: 
is based on promoting the formation of bainite and 
martensite· microstructures on quenching. 
We note a difference between the CE defined by the IIW and 
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the CE adopted in Japan for ASTM A 710 steel Grade A: 
as per equ. 4 
as per equ. 5 
CE (IIW) 
C·E (Japan) 
= 
-·· -~
0.465 
0.359 
The CE, calculated as per the formula of the Internationa.l 
Institute of Welding, is greater than the limiting value 
ot 0.4, and thus is meant to indicate that a martensiti~~ 
·micro structure ma.y farm upon welding and that precaution$ 
must be taken to 'avoid .a:ny ·r.·i.sk. of hydogen assisted 
cracking. The l·ower c·E·:, as· calculated according to the 
·t:.0+1nula ado.pted :in. :Ja·pan', se.em.s to .i.n·dica.te, .in th·e: 
o.ontrary, that th·e alloying e·.:lellie.nts will ::not rend.e.r the 
weldmen:ts· ·.p.r_e>ne· :to HAC. 
A CCT or alternatively a ITT t:ratlsformation diagram ;.·or 
the ASTM A 710 steel, which would allow a better 
understanding and controle of the transformation, was not 
available. It is known however that, for quenched steels, 
the choice of alloying elements shift the high temperature 
tr:a:nsformation to the left on such diagr·ams. in order to 
:favour low t.e;m.perature transformations. Th-is is 
C • illustt·~ted: :S·.chematically in Fig. 12 .. The main concern in 
welding quenched and temperd steel is to have a suffi-
ciently rapid cooling time to create the microstructure 
necessary for the required strength. Accordingly, as shown 
on Fig. 10, low heat input and low preheat temperature 
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Preheat, for welding of quenched and tempered steels, is 
generally required to avoid hydrogen assisted cracking. 
The purpose of such preheat being to 
- reduce the presence of hydrogen during the welding 
(recit1ce moisture at the surface cf the plate) 
- in.crease the time at higher temperature to allow more 
,time for the hydrogen to escape. 
- reduce slightly the residual thermal stresses as a 
concequence of the slower cooling time. 
ASTM A 710 Grade A is however descibed to be "virtually 
insens,itive to nydrogen induced underbead cracking" (Ref. 
:6 .. , p·age 1,). .• ·T:ti"i-s :t·~ct was also confirmed by testing 
made by Prof. Snyd~r in the Research Laboratory of 
Bethlehem Steel Corp. Accordingly, it seems that no 
preheating is required, even for relatively thick 
material. The insensitivity of this steel to hydrogen 
assisted cracking seems to be due to the fact that low 
carbon martensite is relatively soft compared to high 
carbon martensite. This seems also to confirm the 
inaccuracy of the carbon equivalent critere (CE< 0.4), as 
p~r· IIW, for low carbon steels. 
Finally the welding process-"is detrimental for the 
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precipitation hardening effect. In the region of the HAZ 
heated above approx. 750 °c there is a re-solution 
treatment of the precipitates. The cooling rate after 
welding is fast enough to serve as a quenching. This 
region is therefore no longer hardened by the 
precipitates, but could be hardened by a post weld aging 
treatment. The loss in strength in this area seems to be 
large if we consider the indicatiqns shown in Fig. 2. In 
the case of multi-run welds, the .ldss in strength in the 
HAZ of each wel·d bead is decreased by the heat treatment 
resulting from ·the subseqµ~nt weld passes. 
J::n: the re-gion of the HAZ subjected to temperatures below 
approx. 750 °C, there may be an over~ging effect. Fig. 4, 
however, shows that ASTM A 11·0 Grade A steel have a very 
... 
. 1-ow sensitivity to overag.ing and overtempering. Also, 
l·ow heat input will red.uce the ov.ertempering ( softening) 
effect in the regio.~n ... o:f.· the heat affected zone heated to 
less than 7·23: 0 :C: .• 
ln. ~ummary law heat inputs and ·1ow preheat temperatures 
should be used 
- to obtain low temperatures microstructures 
- to reduce grain growth 
- to reduce the width of the zone in which there is: no 
precipitation hardening 
- to reduce overtempering and overaging. 
The purpose of the experimental work will be to determine 
• 
the maximum acceptable heat input for toughness considera-
tions. 
A4 POSTWELD HEAT TREATMENT 
Postweld heat treatment may b.e :pe·.rf:.oPl\.~d: for multiple-
reasons: 
l) reduce the residual stresses caused by welding 
2) change metallurgical properties, and accordingly 
·mechanical properties, of w.e:ldments. 
We will consider hereafter only stess relief heat 
treatment. It must· however be clear that a heat treatment 
~~signed for stress relief may have some effects on the 
metallurgical and mechanical properties of the steel. 
·The purpose of the testing will be to ascertain the effect 
of the stress relief heat treatment on the toughness of 
the heat affected zone. 
A4.1 STANDARD PRACTICE 
Most codes prescribe or recommend stress relief heat 
treatment when the parts to be joined by weldings exceed a 
certain minimal thickness. 
- 3.0' ·-
.,: 
Usually these codes ( l)_ indicate : 
- the stress relief temperature which depends on the grade 
of steel involved. In order to avoid as much as possible 
metallurgical changes, stress relief heat treatment is 
performed J:telow the critical range ..• 
,~: -:the ·.h·eating time, the holding time at stress relief 
t:emperature and the cooling time, which all depends on 
the thickness of the material. 
A4. 2 METALLURGICAL AND MECHAN;tCAL _EFFEC·T O.F A 
RELIEF HEAT TREATMENT 
As indicated before, when a therm·a·1. stress relief heat 
treatment is employed to reduce .res:iclu·al stresses, other 
.properties may be affected. The residual stress reduction 
may be considered as the primary and desired effect of a 
stress relief heat treatment. Changes in the micro-
(1) ASME Boiler and Pressure Vessel Code (Ref. 17) 
requires, for the most common pressure vessel steels, heat 
treatment for thicknesses over 38 mm and a holding time of 
1 hour per 25.4 mm. 
These two figures give a feeling of actual standard 
practice. The exact requirements depend however on the 
type of steel. 
SA 736, which is the pressure vessel steel equivalent to 
the structural quality ASTM A 710, is included in the 
materials described by the ASME (Section II Part A). 
Allowable stresses and heat treatment requirements are 
however not indicated in the Construction Rules (Section 
VIII Division 1). 
- 31 -
) 
I 
,. 
structure and other mechanical properties (tensile 
.., 
strength, toughness, corrosion resistance, etc.) are the 
secondary effects of a stress relief heat treatment. These 
secondary effects may be favorable or detrimental. 
Some secondary effects are described hereafter: 
- tempering: martensitic microstuctures will be subjected 
to tempering. Strength will decrease while toughness 
will increase with increasing tempering time. 
- aging : stress relief tempe·r.a·tures will cause, ~~pr~e.c·ipi.-
tation of· .ca-rbides and other alloying elem~nts·, e.:g. 
va:nadium and co:lumbium c-arbides/nitrides, copper. Thi.s 
will tend to increase the strength properties and to 
.. 
decrease the toughness. 
- overaging: with increasing aging time, the precipitates 
will coarsen and have a reduced strengthening effect • 
. . . ·. ·, ... 
The toughness will increase. 
~ impurity segregation: stress relief heat treatments 
promote impurity segregation, e.g. P, S to the grain 
boundaries, and this type of segregation increases with 
grain size (REF. 14, page 198). This segregation is, of 
course, detrimental for the toughr,ess. 
Due to the fact that the heat treatments cause multiple 
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reactions and that these reactions often depend on the 
preexisting microstructure (which, for the heat affected 
zone depends on the heat input, preheat temperatures, 
material thickness, etc.), it is difficult to predict with 
certainty the final effect of stress relief on the 
mechanical properties of the heat affected zone without 
testing. 
,; 
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B EXPERIMENTAL WORK 
Bl EXTENT OF THE EXPERIMENTAL WORK 
For each steel, the experimental work consisted of Charpy 
v-notch tests of the weld heat affected zone when welded 
:at three heat inputs • • 
c,l) Low heat input • .·2 KJ/lllm • 
b) Medium heat input •• 4 KJ/mm •• 
c) High heat input •• 6 KJ/mm • 
Further, the toughness property of the HAZ:: ·for each heat· 
input was measured for the following condit.ions : 
a) As welded 
"p)_ Post-weld heat treated at 620 oc t·or: ·2·: hours· ....... · . . . 
·c}. Post-weld heat treated at 620 oc f-o:r: ·10 hour·s 
For each heat in.put and heat treatment :c.ondit_i-on 12 to 18 
specimens were broken for the determination of the Charpy 
v-·not.oh impa.ct energy absorp.t:-i:on v:s. temperature curves. 
B2 WELDING PROCEDURE AND WELDING PARAMETERS 
A preliminary study consisted in the determination of the 
weld·ing ·p:rocedure that would produce the ·different heat 
j:.:npu:ts :·a_nd the optimization of the weld groove so as to 
obt·ain a straight and vertical heat affected zone while 
minimizing the amount of weld deposit. 
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Welding process 
The flux cored arc welding process (FCAW) with auxiliary 
gas shielding, due to its availability at Lehigh 
University, was used. This process may be considered, 
together with the shielded metal arc (SMAW) and the 
submerged arc welding (SAW) processes, as one of the three 
-m_o·st widely used processes f o:r welding structural and 
_pressure vessel steels. This process has a relatively high 
deposition rate. As most automatic processes, flux cored 
arc welding process requires relatively little skill. 
Compared to the gas metal arc welding process, the flux 
cored arc- welding process with auxiliary gas shielding 
combines the advantages of the presence of a flux and of 
gas shielding. 
T:l1e purpose of the weld was solely to create a weld heat 
cycle in the· heat af f ect.ed zone. It was assumed that the 
toughness of the HAZ depends only on the properties of th·e 
base material and on the heat _p.r9~uced by the weld, but 
not on the properties of the f.iller metal, flux or 
shielding gas. Dual Shiel'd flux cored electrode type 111 
A-C (AWS A5. 20 Class E70T-l) from ALLOY ROD.S with c92 
shielding gas was used. 
The chemical and mechanical properties of the weld metal, 
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;~s- indicated by the electrode manufacturer, are indicated 
in Table 3. While the tensile properties of the weld metal 
exceed the specified tensile properties of both steels, 
the impact properties are well below the impact properties 
of the base metals. 
Current, voltage and travel speed 
Current, voltage and travel speed are. sho.wn .in ta:p:le 4. 
Joint design 
A single bevel groove weld, welded from one side with a 
back-up strip, was used. A bevel angle of 32.5 ° was fouhd 
appropriate to allow production of the weld with good 
f:usion to the side walls (Fig. 13) • The welds were 
.generally executed in the flat position (lG), but for the 
high heat input the specim~ns were tilted at an angle of 
30 °C in- order to improve the straightness of the HAZ. 
Using these conditions, the fusion line appeared as a 
:fairly straight and vertical line as shown in Photogr~Ph$ 
1 ·to 6. 
Weld direction 
Welds were executed parallel to the rolling direction of 
the plate in order to produce transverse orientation 
Charpy specimens. 
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Preheat temperature and interpass temperature 
A preheat/interpass temperature of 100 °c was used 
throughout the experimental work. This temperature kep.t 
the waiting time betweeen subsequent weld runs to an 
acceptable level (approx. 1 hour). It is also believed 
that such temperature corresponds to actual preheat 
temperatures used in workshops for welding relatively 
thick. (3.8 mm and 51 mm) plates (Ref. 18, page 91) • 
B3 CHARPY IMPACT TESTING 
One to three specimens were obtained through the plate 
thickness as shown on photograph 7. The notch was placed 
at a distance of o •. 25: mm from the fusion line on etched 
sp.ecimen blanks. Impact testing was conducted in 
ac.c.ordance with the standard Method described in ASTM A 
3.70 a:nd ASTM E 23. 
B4 MATERIAL 
ASTM A 808 STEEL 
Weldments were made on 51 mm thick ·p·lates. The chemical 
composition and mechanical properties of the plates used 
in the testing are indicated in Table 1. 
,, 
I 
ABTM A 710 GRADE A CLASS 3 STEEL 
Weldments were made on 38 mm thick plates. The chemical 
composition and mechanical properties of the plates used 
in the testing are indicated in Table 2. It must be noted 
that the tensile and toughness properties of the plates 
used exceed in a large extent the specified properties. 
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RESULT OF THE EXPERIMENTAL WORK AND DISCUSSION 
Cl ASTM A 808 
Cl.l RESULT OF THE EXPERIMENTAL WORK 
The result of the experimental work is shown in Appendix A 
as follows: 
a) Impact Energy .absorp.tfon vs-. ·temperatur.e ,curve.:s: a·r.e-
shown in .Fi·gtires A.I to A13 
Al 
A3 
A4 
A5 
A6 
A'7· 
AS 
,A9 
AlO 
All 
A12 
A·1:3~ 
notch 1o·cation heat input 
Base metal 
Base metal 
Base metal 
Weld metal 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
·.;.., 39 .... ·. 
-
-· 
4' -~/llUll 
2 KJ/mm 
2 KJ/mm 
2 KJ/mm 
4 KJ/mm 
4 KJ/mm 
4 KJ/mm 
6 KJ/mm 
9 -~/mm 
6· :KJ/mm, 
stress relief 
at 620 °c 
none 
--2 hours 
1.0· hours 
non:.e 
n·o.ne 
.. 
·2· ·hours 
.10 hours 
.none 
2· hours 
10 hours 
none 
2 hours 
10 hours 
'· 
:b.')· the transition temperatures at 34 J are indicated in 
Table Al for the different heat inputs and for the base 
metal and represented graphically on Figure Al4. 
Cl. 2 DISCUSSION 
The effect of heat input and post weld heat treatment on 
t·he transit:ion temperatures is shown in Figure Al4. The 
:compa:ris .. ion of the impact properties of the HAZ to those 
of· the base metal leads to following conclusions: 
HEAT INPUT= 2 KJ/mm 
~ 
1) A weld heat input of 2 KJ/mm is not detrimental to the: 
toughness of the heat affected zone. 
·rn the as-welded condition, the impact transition 
temperature of the HAZ remains about that of the 
unaffected base metal (-45 °C for the HAZ, -44 °C for 
the unaffected base metal). 
2) While the heat treatment is detrimental for the 
toughness of the unaffected base metal (transition 
temperature increases from -44 °C to -28 °C after heat 
treatment), the same stress relief heat treatment 
improves the impact properties of the 2 KJ/mm heat 
affected zone (transition temperature drops from - 45 
0 c to - 50 °c for 2 hours heat treatment, respectively 
- 40 -
,. 
·to·- :-·_5_2·. 0 c for 10 hours heat treatment) • 
3) Based on the fact that the heat treatment is 
detrimental for the toughness properties of the base 
metal, the use of such heat treatment must be 
considered carefully. 
A structure not stress relieved will have a uniform 
transition temperature at approx. - 44 °c, but may 
contain some residual stresses. The same structure 
af'ter stress relief will see its transition 
temperature in the base metal increase to -28 °C .. , 
but will get rid of a- large part of the residual 
stresses. Accordingly, stress relief heat treatment 
should be specified, for 2 KJ/mm weld heat input, only 
if the advantage due to the elimination of most of the 
residual stresses is more important than the detrimen-
tal effect of a lower toughness. 
HEAT INPUT = 4 :·KJ/mm 
l) 4 KJ/mm weld heat input shi_ft the transition tempera-
. ' ,·: : ' .. ture, in the as welded condition, from -45 °C 
to - 16 °c. 
2) This deterioration of the impact properties is however 
partly compensated by a stress relief heat treatment. 
After stress relief heat treatment, for 2 or 10 hours, 
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,· 
the transition temperature will drop to - 32 °c. 
4 Accordingly, the toughness of the HAZ, after stress 
relief heat treatment, will still be slightly higher 
than the toughness of the heat treated base metal 
(transition temperature of the HAZ = -32 °c, transi.tion 
temperature of the base metal= -28 °C)-~ 
~) In view of the marked improvement of the ·toughness 
p.rop~rties of the heat affected zone by a stress 
r•lief heat treatment, such heat treatment may be 
?:":et::ommenc;l$d ( combination of re.s:idual stress 
:reduction atid toughnes.s improveJnentl. 
·. . -· 
':HEAT INPUT = 6l<J/mm 
1") In the as: t-telded c·ondi tion, :the toughness of ·t·he HAZ is 
n·ot d:e:t·er·iorated by an increase of the heat input from 
·4 ,K.J/mm to 6 KJ/mm (transition temperature at - 16 °c 
·fo-r 4 KJ/mm, respectively -18 °c f_or 6 KJ/mm heat 
·in-put). 
2:) I-n- -a •W·a:y- very e;::-iin-i.-la·r to its effect on the t-ot1ghness 
_pro-pert_ies of the una·_f-:f·ected pase metal, the stress 
reli:ef heat treatment :i.._s, d:~tr:i:mental for ·the toughness 
p:roperties of the HAZ (impac·t transition temperature 
increases from -18 °C to -a °C after 2 hours heat 
treatment, respectively to +5 °c after 10 hours heat 
treatment) • 
- 42 -· : 
3) Accordingly, the decision to post weld heat treat a 
weld must be weighted carefully. While the stress 
relief heat treatment will have the favorable effect 
of decreasing the residual stress level, it will 
:reduce drastically the toughness properties 
.(transition temperature at +5 °c instead of -18 ~c 
without heat treatment). 
EFFECT OF HEAT TREATMENT TIME 
At 2. and. 4 KJ/nun heat input, the improvement .of th·e 
toughne.s,s by the :.stress relief heat treatment is s-:itnii.a·.r--
for 2 and 10 hours heat treatment-s. 
At 6 KJ/nun, the detrimental .e:ffect of heat treatment 
increases with increasing heat treatment time. 
/~s a general rule, we may therefore consider: 
.... ·s,bort heat treatment (2 hours) is sufficient to iric·rease 
t;t1~ ,t·oughness properties of the HAZ at 2 and 4 KJ/mm:~ 
tncreased heat treatment time will not further ind~$a$e 
·th~ :toughness of the HAZ. 
- _:short heat treatment will be less detrimental, compared 
to a long heat treatment time, for weld made at 6 KJ/nun •. 
METALLURGICAL CONSIDERATIONS 
The observed variation of toughness with varying heat 
;llllt .4·3 -
input suggests a competition between grain growth and 
softening of the microstructure with increasing heat 
inputs (decreasing cooling time). The examination of the 
microstructures in the heat affected zone confirms this 
behaviour: 
~ For 2 I<J/mm heat input (Micrograph - 2, as welded), the 
microstructure consists of fine acicular ferrite with 
some bainite. A slight grain refinement is observed. The 
favorable influence of the grain s;ize on the toug-hn:ess· 
_properties is however balanqeg by the presence o·f': t'he 
.harder mic·r¢structure. 
- At 4 KJ/·inm. _·h:e,at input (Microgr-aph - 3, stress relieved 
during lb :hoU_rs) , relatively large grain growth is 
observed. The grain growth is the cause of the drop-: :in. 
the toughness observed for this hea·t input. 
- finally for Q l{J/;mm (Micrograph - 4, a-s welded) , no: 
further gr~in ·g.rowth is observed. The microstructµ.t,.e 
con_s-is;t-s· es$en.tially of acicular ferrite. 
T-he fact that heat treatment has a positive effect at 2 
and. 4 KJ/mm, but a negative effect on the base metal and 
on the 6 KJ/mm heat input seems to be due to a competition 
between softening effect and precipitation hardening 
effect: 
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- ·for the as rolled base metal and the heat affected base 
metal, precipitation hardening by columbium and vanadium 
carbides/nitrides during stress relief heat treatment 
should reduce the toughness of the material. 
~ ·at the same time, the heat treatment should tend to 
soften the microstructure. The softening is more 
important for the rapidly cooled ·me:tal, that is to. ,say, 
for the lb~ heat inputs . 
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C2 ASTM A 710 Grade A Class 3 
CZ.1 RESULT OF THE EXPERIMENTAL WORK 
The result of the experimental work is shown in Appendix B 
as follows: . ~ . -
a) Impact Energy ~bsorption vs. temperature curves are 
shown in Figures Bl to Bl3 
Fig no 
Bl 
B2 
B3 
B4 
B5 
B6 
B7 
B8 
B9 
BlO 
Bll 
B12 
B13 
notch location 
Base metal 
Base metal 
Base metal 
Weld metal 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
heat input 
-
-
-
4 KJ/mm 
2 KJ/mm 
2 KJ/mm 
2 KJ/mm 
4 KJ/mm 
4 KJ/mm 
4 KJ/mm 
6 KJ/mm 
6 KJ/mm 
6 KJ/mm 
stress relief 
at 620 °c 
none 
2 hours 
10 hours 
none 
none 
2 hours 
10 hours 
none 
2 hours 
10 hours 
none 
2 hours 
10 hours 
b) the transition temperatures at 47 J are indicated in 
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Table Bl for the different heat inputs and for the base 
metal. 
I' .... 
C2.2 DISCUSSION 
HEAT INPUT= 2 KJ/mm 
1) The measured impact. trans.'i:t:·.i·.o.n. t.emperatu.res. :a:t ·4·7 J :a·re, 
indicated below: 
- ASTM Requirement for the b.as·e material 
- Base metal as received - 145 ·:oc. 
- Base metal after 2 hours stress relief 
- 147°c 
- Base metal after 2 hours stress relief 
- 148°C 
- HAZ as welded 
- HAZ after 2 hours stress relief 
-
·5·9· ·,o C ... :·. :. . . ~ 
- HAZ after 10. hours stress relief 
-
7.9 oa··.·: •· ·. :.·. 
:;t) l1h·.e 'impact :properties of· th.e HAZ (transition 
temperature between -94· °C. in the as welded cond:f.-t:ion., 
·and - 59 °c in the st.~ess: ;re.lieve·Q. condition). are 
better or approximative·ly .. ~.s. go.ad as the impact 
property redquired for ·t.he· b.a:s:e material (transition 
temperature at -62 ° CJ •. :T:his. is usually considered as 
excellent as most design .. code:s, assume somewhat lower 
.impact properties for the ·HAZ compared to the 
properties of the base mater·ial. 
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:3) For an evaluation of the weldability of the steel, 
a comparision of the impact properties of the HAZ to 
the actual (in opposition to the required) impact 
properties of the base material is more meaningful. 
In this particular case, the actual impact properties 
of the base metal exceeded by a large extent the 
required impact properties. The welding shift of the 
transition temperature is relat.iv.ely import'ant:. : .. 31 
~C in the as-welded condition (f~om -145 ·0 c tb - 94 
o.cJ .• 
4) While the stress rel.ief heat treatment did not affec.t· 
the toughness of the :b,a·se metal, a heat treatment 
:for two hours d.ecr.eas:ed: the ·toughness of the HAZ. The: 
':loss of toughness • reduced when the heat treatmen.t 1S 
·time • increased to· 1:0 hours. 1S 
$} in addition, the scatter in the ~easured impact tough~ 
ness is high, as seen in Fig. B4 to B6. 
HIGHER HEAT INPUTS 
For higher heat inputs, the scatter in the measurements is 
so large that the definition of a transition temperature 
is not possible. This is clea~ly illustrated in Fig. BS to 
Bl3. 
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As a possible explanation of the scatter, it was assumed 
that, based on the large difference between the ambient 
toughness of the base metal (CVN of 270 J) and the ambient 
toughness of the weld metal (CVN of 90 J), the fracture 
will try to find the path of least resistance and there--
fore enter the low toughness weld metal instead of goi11g 
through the tough HAZ. To confirm this behaviour, we ·hav·e: 
examined the fracture surfaces of a number of specimens!1Y 
We ef_fectively found that. ·some fractures occured .. partially 
Q.-r 'totally in the weld metal, and therefore explained the 
lqw impact properties of some specimens. However we· also 
• 
:found many fractures which were clearly entirely in th.e 
'.HAZ. (Photograph - a) and for ·wh_ich the impact propert·ies 
W'e.r~ very low. sonie example_s: ~.re listed below. 
Heat input 
4 KJ/nun 
4 KJ/mm 
6-. KJ/nun 
·(; KJ/mm 
H .. · .· ·t·. t· .. · ....... t; .· ,· . ·.· · .. t: ..·ea·. ·rea· me.n. · 
•• J • • • •• - ••• 
none 
10 hours at 620 
2 hours at 620 
2 hours at 620 
Ak,sorbed energy rr·einperature 
34 J + 20 oc 
~.c 10 J 
-
20 oc 
o:c: 9 J 
-
20 oc 
-~:c 10 J: 0 oc 
The four values are well below the impact ·properties of 
the weld metal itself and thus cannot be due to 
incorporation of low toughness weld metal in the sample. 
(l)The fracture surfaces were first examined to determine 
the fracture origin. The CVN specimens were then cutted 
starting at the fracture origin. The specimen were then 
grinded, etched and examined with the optical microscope 
at low magnification. 
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/The reason for the scatter is therefore not only 
attributable to the large difference in toughness between 
the base metal and the weld metal. Moreover, this effect 
appears to increase with increasing heat input since, 
compared to the 2 KJ/mm heat input, specimens welded at 4 
and 6 KJ/mm heat input show a dramatic drop in the 
impact properties. 
The detrimental ef,eot of ·high heat inputs on the HAZ 
±mpact properties in ASTM A 710 Steel has also been repor-
ted by R.J. Jesseman and G.C. Schmid (Ref. 14). In this 
investigation, the impact properties o.£ the HAZ of A710 
Grade A Class 3 plates were measured at 2, 3, 4 and 5 KJ /"tmn-.• 
Welding was done by the submerged arc process. A f\lll 
penetration double gro·.ove. weld was used which d·id· not 
give a vertical fusf-on :1ine •. The impact prop·eties measured.: 
at 1 mm from the fus:ion· ·1ine are i-ndicated in Fig. 14. 
This figure also $·hows a dramatic .deer-ease in the 1 mm 
HAZ toughness at heat inputs above .3 KJ/mm. This was 
not experienced with specimens notched f-~ri:her from the 
fusion. line. 
:OTHER ·OBSERVATIONS 
. . 
the examination of the samples, prior to the preparation 
of the CVN specimens, revealed a lamination at mid 
thickness of the plate. This lamination is clearly visible 
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on Photograph - 4. An ultrasonic examination confirmed 
that the lamination extended over the entire plate. 
CVN specimens were machined from both sides of the lamina-
tion. 
C2.3 SUPPLEMENTARY EXPERIMENTAL WORK 
C2.3.l EXTENT OF THE SUPPLEMENTARY WORK 
In view of the somewhat unexpected results of the ASTM A 
710 ·weld tests, it was decided to extend the study by 
two additional sets of impact measureme.nts on welds made 
with two different weld metals: 
1,) Weld made with the flux cored arc process using DUAL 
:SHIELD II 101 TM electrode (AWS A 5.29, Class E91 Tl -
:K2) from ALLOY RODS with 75 % Argon/25 % CO2 shielding 
gas. This wire meets the requirements of the new 
Military Specification MIL-E-24403/2A and is a 
moderately tougb :weld metal. The chemical composition 
a,.nd the mechanical propertiea; :of this wire are 
i.ndicated in Table 5. 
It must be noted that this wi·re is delivered in 
diameter varying between 1.32 and. 1.6 nun. The 
limitation in the wire diameter results de facto in a 
li1nitation of the heat input ( 3 to 4 KJ/nun) • Current, 
voltage and travel speed for this weld are indicated in 
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Table 6. 
2) Submerged arc welding using AWS A5.23 EM2 electrode. 
This is a high toughness weld metal. This weld was made 
in the Research Laboratory of Bethlehem steel Corp. 
'l'·b~ purpose of this supplementary work was to determine 
~ny influence of the filler metal on the HAZ impact 
properties. It should also clearly establish the extent to 
which our current test results are influenced by weld 
metal fractures. 
C2.3.2 RESULTS OF THE SUPPLEMENTARY EXPERIMENTAL WORK 
The impact energy absorption vs. t.:emperature curves are 
shown in Appendix B, Fig. B14 and B15. 
The transition temperatures are also ind_i.cat=ecl in Table 
B2. 
C2.3.3 DISCUSSIONS AND CONCLUSIONS 
General 
1. For both SAW and FCAW welds, the impact energy 
absorption vs. temperature curves show a well marked 
transition behaviour. 
2. The transition temperature of the heat affected zone, 
measured at 47 J impact energy, amounts to -55 °C for 
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both weldments. 
3. The upper shelf toughness is high for both weldments. 
4. The scatter in the upper shelf region is very limited 
for both welds. The scatter in the lower shelf region 
is relatively high for the SAW weld. 
The above observations leads t·o -following remarks : 
_aJ' :The toughness behaviour of the HAZ seems to be 
dependant on the type of filler metal. This somewhat 
amazing observation will be discussed later. 
::b'J Th·e. transition temperature at -55 °:c; for 47 J absorbed 
-ntrgy indicates: 
- The welding is the cause of·: a. very large toughness 
reduction, as shown in Fig Bl6. The shift of 
temperature amount 51 °Cat 2 KJ/mm heat input, 
respectively 90 °cat 4 KJ/nun heat input. 
- Due to the exceptionnaly high toughness properties of 
the base metal, the toughness of the HAZ welded at 2 
and 4 KJ/mm remains exceptionally good (transition 
temperature at -94 °C for 2 KJ/mm heat input, 
respectively -55 °c for 4 KJ/mm) 
It is however important to keep in mind that the 
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exceptionally high toughness of the HAZ may be due to 
the exceptionally high toughness of the base metal. 
In particular, it is not possible to ascertain what 
would. have been the toughness properties of the HAZ 
if the base metal would have only reached the 
toughness requirements of the ASTM instead of 
exceeding them by a very large extent. 
c). The fact that SAW and FCAW welds gave the same 
tran·sition temperature for the same total heat inpu·.t-
(4 KJ/mm) was also somewhat amazing as the arc 
efficiency for both processes are different. 
The 4 KJ/mm total heat input for the FCAW welding 
process corresponds to approx. 3 KJ/mm net heat input, 
while the 4 KJ/mm total heat in-put for the SAW welding 
process corresponds to approx. 3.8 KJ/mm net heat 
• . t" 1.npu.- ._·. 
-w:e would have therefore expected a large=r toughness 
reduction for the SAW welding process .• 
. Ef·.fect of filler metal on the HAZ properties 
';t'J1e. fact that weldments made with specially designed 
electrodes for quenched and tempered steels did not show 
large scatter in the measured impact properties is 
reassuring. The use of such electodes can be considered as 
- 54 -
:the normal practice. The fact that the use of general 
purpose electrodes cause a large scatter for this steel is 
however theoretically interesting. 
It is generally recognized that the HAZ properties are 
essentially dependant on the base metal composition and on: 
the heat flow cycle. Accordingly, it is also widely 
t~cognized that heat flow simulation technique, using a 
gleeble machine, give meaningful results (Ref. 14, page 32 
and Ref. 20, page 188). 
In this particular c:a .. s:e; ·tne. ·f·i11·er meta.I plays, however', 
an important role on the behaviour ·of: the HAZ. We have, 
already indicated that part of tbe scatter in the 
·measured impact properties wa.s .due to the important 
difference in toughness properties between the ba·s.e: ·metal. 
and the weld metal. The c~u~e Of the scatter for the 
remaining specimens is however not clear. The micrographic 
examination of the weld showing large scatter (Micrograph 
- 8) and the weld showing no scatter (Micrograph - 13) 
s~ows that both heat affected zone have a very similar 
microstructure. A difference in the microstructure seems 
therefore not to be the cause of the scatter. 
The fact that the scatter increases with increasing heat 
input seems also to indicate that this problem is not 
related to hydrogen induced cold crack initiation (cooling 
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time is larger at high heat input, thus allowing more time 
for the hydrogen to escape). 
~. 
Other possible causes for part of the scatter may be: 
- grain boundary segregations 
- presence of a partially melted zone at the weld 
interface, as described in Ref. 22. 
This problem was, however, not investigated further, as 
the scatter can be avoided by using proper electrodes 
designed for .l,ow alloy quenched and tempered steels. 
C2 .. 4 Effect of heat treatment an.d heat treatment time 
At 2 KJ/mm., ett:ress relief heat treatment is detrimental 
to the toughnEass properties: the transition temperature 
increases froltl - 94 °C to - 59 °C after 2 hours, 
·respectively to .... 78 °C after 10 hours heat treatment. 
The fact that the st·rong decrease in toughness after tw.o. 
hours heat treatment is reduced by a longer heat treatment 
time suggest that there is a competition between different 
.mechanisms : 
- deterioration of the toughness due to precipitation 
hardening for relativelt short heat treatment time. 
- for longer heat treatment times, the precipitates 
coarsen and the hardening effect decreases. Toughness, 
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increases. 
- improvement of the toughness due to a tempering effect. 
This effect is more important in the case of low heat 
.input. 
The scatter in the absorbed energy measurements for the 
h:ighe.r heat inputs did not allow us to measure the effect 
of. ·stress relief heat treatment fo,r the 4 and 6 KJ/mm heat 
-.inpu·t:s .. 
c2.s M~tallographic considaration 
The comparision of the :·mi:crostructu-res in the heat 
·affected zone .for 2 KJ/mm heat input weldments (Micrograph 
- 6), 4 KJ/.mm· h.eat input weldments (Micrograph - 8) and 6 
KJ/mm. heat input weldments (Micrograph - 10) show: 
- ':I'he microstructure consists essentially of baini.tf.c 
ferrite. 
- the welding c·:ause a dramatic gr·ain growth. The grain 
growth increases with increasing heat input. 
- the width of the grain growth zone (Micrograph 7 an·d l:l) 
.increases dramatically with increasing heat input. 
The grain growth is believed to be the main reason for the 
reduction in toughness. The increased width of the grain 
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growth zone is also considered to be detrimental as it 
increases the number of possible fracture paths in the 
heat affected zone, respectively increases the length of 
the fracture path in the heat affected zone (a narrow 
grain growth zone makes it more difficult for a fracture 
to be entirely in the heat affected zone). 
-· :5:8 ..... 
D CONCLUSIONS 
The experimental work leads to following conclusions: 
ASTM A 808 
1. Welds made at 2 KJ/mm heat input do not show any 
deterioration in toughness in the heat affected zone. 
Stress relief heat treatment is favorable for the 
toughness of the heat affected zone but detrimental for 
the toughness of the base metal. Stress relief heat 
treatment for this heat input is therefore recommended 
only if the advantage due to the reduction of the 
residual stresses is more important than the effect of 
reduced toughness in the base metal. 
2. Welds made at 4 KJ/mm heat input show a reduction in 
the toughness corresponding to an increase in the 
transition temperature from - 44 °c to - 16 °C. Stress 
relief heat treatment allows the material to recover 
partially the toughness lost during welding. 
3. Welds made at 6 KJ/mm heat input show a reduction in 
the toughness corresponding to an increase of the 
transition temperature from - 44 °C to - .18 °c. The 
stress relief heat treatment, however, further 
increases the loss in toughness, and should, when 
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_possible, be avoided. 
4. The favourable effect of stress relief heat treatment 
at 2 and 4 KJ/mm heat input is time independant (up to 
10 hours). The detrimental effect of stress relief for 
6 KJ/mm heat treatment increases with increasing heat 
treatment time. Long heat treatment time is accordingly 
not recommended for economical and metallurgical 
reasons. 
5. Micrographic examination reveals the presence of 
acicular ferrite microstructure with some bainite for 
the lower heat inputs. Competition between grain growth. 
and microstructure hardness controls the toughness 
behaviour of this steel. An absence of grain growth for 
the 2 I<J/mm heat input is observed. 
ASTM A 710 Grade A Class 3 
1. Welding has a strong detrimental effect on the 
toughness properties of the heat affected zone. 
2. At 2 and 4 KJ/mm heat input, the toughness of the heat 
affected zone remains exceptionnaly high in the as 
welded condition (transition temperatures, measured at 
47 J, amount - 94 °c for 2 K;T/mm, respectively - 55 °C 
for 4 KJ/mm heat input). Such toughness properties 
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exceed the toughness of most available weld metals. 
3. 4 KJ/mm seems to be the maximum allowable heat input 
for the 38 mm thick plates. The maximum heat input 
should however be dependant on the thickness of the 
material, as the cooling rate depend on the thickness. 
Larger heat inputs may be used for larger thicknesses. 
4. The effect of stress relief heat treatment could be 
measured only for the 2 KJ/mm heat input weldments. It 
is observed that stress relief heat treatments reduce 
s-trongly the toughness of the HAZ. This seems to be due 
to· a precipitation hardening effect. Apparently, due to 
precipitates coarsening, long heat treatment time are 
less detrimental • 
. s. Micrographic examination reveals dramatic grain growth 
in the heat affected zone. Grain size and the width of 
the grain growth zone increase with increasing heat 
input. 
6:. :rt was observed that the filler metal (electrodes) have 
a strong influence on the toughness measurements in the 
heat affected zone (scatter). It is recognized that a 
large part of the scatter was due to the large 
difference between the ambient toughness of the base 
metal and the ambient toughness of the weld metal. It 
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is not clear if other mechanisms (segregation at the 
grain boundaries) contributed to this phenomena. 
s. App~opriate electrodes (low hydrogen, high toughness) 
must be used to insure good HAZ toughness. 
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TABLB l ASTM A 808 CHEMICAL ANP MECHANICAL PROPERTIES (Ref. 1) 
Chemical composition 
carbon 
Manganese 
Phosphorous 
Sulfur 
Silicon 
Columbium 
Vanadium 
Columbium + Vanadium 
* Carbon equivalent 
CE (IIW) 
CE (Japan) 
Tensile requirements 
(%) 
(thickness= 38 to 51 mm) 
Minimum yield point 
Minimum tensile strength 
Elongation 
** Impact properties 
longitudinal at - 29 °C 
- 46 °C 
transversal at - 29 °c 
* see text 
** regular sulfur 
- 64 -
Specified 
0.12 max 
1.65 max 
0.04 max 
0.05 max 
0.15 to 0.50 
0.02 to 0.10 
0.10 max 
0.15 max 
315 MPa 
450 MPa 
22 % 
54 J 
41 J 
Measured 
\ 
\ 
0.10 
1.55 
0.004 
0.014 
0.21 
0.06 
-
0.06 
0.358 
0.367 
367 MPa 
513 MPa 
31 % 
59 J 
39 J 
43 J 
'· 
TABLE 2 ASTM A 710 GRADE A CLASS 3 
CHEMICAL AND MECHANICAL PROPERTIES (Ref. 1) 
Chemical composition(%) 
Carbon 
Manganese 
Phosphorous 
Sulfur 
Silicon 
Nickel 
Chromium 
Molybdenum 
Copper 
Columbium 
Aluminium 
Nitrogen 
.... 
* Carbon equivalent 
CE (IIW) 
CE (Japan) 
Tensile requirements 
(thickness = 25. 4 to 50. 8 'mnt) 
Minimum yield point 
Minimum tensile strength 
Elongation 
Impact properties 
longitudinal at - 62 ~~c 
transversal at - 62 ~c 
* see text 
Specified 
0.07 max 
0.40 to 0.70 
0.025 max 
0.025 max 
0.40 max 
0.70 to 1.00 
0.60 to 0.90 
0.15 to 0.25 
1.00 to 1.30 
0.02 min 
not specified 
not specified 
515 MPa 
585 MPa 
20 % 
.6-9 J·· 
** 
Measured 
0.05 
0.53 
0.008 
0.003 
0.24 
0.98 
0.72 
0.21 
1.13 
0.034 
0.027 
0.008 
0.465 
0.369 
602 MPa 
673 MPa 
% 
>200 J 
>200 J 
** ASTM does not specify the toughness for the 
transverse specimens. ASME (Ref. 16) requires 27 J at 
-45 °C for SA 736, which is the pressure vessel quality 
steel equivalent to the ASTM A 710. A steel manufacturer 
(Ref. 6) specifies 47 J at - 62 °c. We will adopt this 
latter value in our discussions. 
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Table 3 Strength, toughness and chemical properties of 
weld metal for Type 111 A-C electrodes (AWS 
A5.20 Class E70 Tl) from ALLOY ROD Corp., 
Ref. 18 
Typical mechanical properties 
As welded Stress relieved 
8 hours at 620 °c 
Yield point 
Tensile strength 
Elongation (50mm) 
MPa 
MPa 
% 
535 
615 
26 
Typical Charpy v-notch impact properties 
at 22 °c 
at -18 °c 
J" 
J 
As welded 
68 
34 
Typical weld metal chemical analysis 
C Mn Si 
0-. 07 % 1.45 % 0.48 % 
. . 
515 
609 
26 
Stress relieved 
8 hours at 620 °c 
54 
27 
. . . . 
. 
Table 4 Current, voltage and travel speed used with Type 
111 A-C electrodes 
· Heat input Wire diameter Volt Ampere Travel speed 
2 KJ/mm 1.6 mm 30 V 300 A 270 mm/min 
. 
4 KJ/mm 2.4 mm 30 V 400 A 180 mm/min 
2 KJ/mm 2.4 mm 30 V 400 A 120 mm/min 
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Tables Strength, toughness and chemical properties of 
weld metal for Type 101 TM electrodes (AWS AS.29 
Class E91 Tl-K2) from ALLOY ROD Corp., Ref. 19 
Typical mechanical properties 
As welded 
.. 
. . 
Yield point 
Tensile strength 
Elongation (50mm) 
MPa 
MPa 
' 
595 
656 
23 
Typical Charpy v-notch impact properties 
---------------
---------------
-, 
at -18 °·C 
at -51 °C 
... 
J 
J 
As welded 
· 95 
5·7 
.. 
Typical weld met 1 chemical analysis (% wt) 
C Mn Si p s Cr Ni Mo V Cu 
0.058 1.13 0.37 0.006 0.011 0.03 1.78 0.02 0.02 0.02 
Table 6 current, voltage and travel speed used with Type 
101 TM electrodes 
.Heat input Wire diameter Volt Ampere Travel speed 
4 KJ/mm 1.6 mm 30 V 300 A 135 mm/min 
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Fig. 1 Effect of copper on the Jominy end-quench harde-
nability curves for 0.15 % C - Mn steel containing 
various alloying elements. From Ref. 7, page 76. 
Fig. 2 
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Class 3 steel. From Ref. 6, page 4. 
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tensile properties of ASTM A 710 Grade A Class 3 
steel. From Ref. 6, Page 5. 
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Fig. 5 Relation between static and dynamic fracture 
toughness measurements and CVN energy 
measurements. 
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A~72 GRADE ,o STEEL 1, 1, 
e IMPACT 
,o 0 INTERMEOIATE•STRAIN•RATE BEtiAVIOR PREDICTED av 
StilFTING TH£ IMPACT DATA 
t INTERMEDIATE- 0 • I :>-- STRAIN-RATE BEHAVIOR 0 
tn PREDICTED FROM Kie DATA ~ 40 TESTED AT£• 10·> uc:- 1 0 • 0 
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078 s:: 0 µ.l 0 
so 0 
•• 'O oO 
Cl) 0 0 •• 
,.Q • ~ 0 
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• •.-A-"' 
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-51 -12 Temperature or-\., I 
Temperature shift 
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Fig. 6 Toughness requirements for ASTM A 672 Grade B. 
Adapted from Ref. 9. Requirements as per AASHTO 
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As calculated in Appendix c. 
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Fig. 11 Times of complete dissolution of various carbides 
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temperature. From Ref. 14, page 122. 
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Photograph - 1 ASTM A 808 
Weldment, 2 KJ/mm heat input 
St ee l : A 808 
Heat input : 4 KJ / rnrn 
Photograph - 2 ASTM A 808 
Weldment, 4 KJ/mm heat input 
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• 
Photograph - 3 ASTM A 808 
Weldment, 6 KJ/mm heat input 
Photograph - 4 ASTM A 710 Grade A Class 3 
Weldment, 2 KJ/mm heat input 
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• 
Photograph - 5 ASTM A 710 Grade A Class 3 
Weldment, 4 KJ/mm heat input 
Photograph - 6 ASTM A 710 Grade A Class 3 
Weldment, 6 KJ/nun heat input 
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• 
Photograph - 7 ASTM A 808 
location of the CVN specimens 
' . ' 
' . 
t • - ... 
Photograph - 8 ASTM A 710 Grade A Class 3 
Weldment, 4 KJ/mm heat input 
Absorbed energy at - 20 °C: 9 J 
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• 
MICROGRAPHS 
p 
Etching 
ASTM A 808 specimens were etched during 60- seconds w·ith .2: 
% nital solution. 
ASTM A 710 specimens were etched during 25 se:c.ott'd.s· w·it·h. :2 
% nital solution. 
.... 83 -
MICROGRAPH - 1 ASTM A 808, Base metal, 500 x. 
/ ') 
MICROGRAPH - 2 ASTM 1·· 808 I HAZ, FCAW, Electrode 
type 111 A-C, Heat input= 2 KJ/mm, 500 x. 
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• 
MICROGRAPH - 3 ASTM A 808, HAZ, FCAW, Electrode type 
111 A-C, Heat input= 4 KJ/nun, Stress relieved during 
10 hours, 500 x. 
MICROGRAPH - 4 ASTM A 808, HAZ, FCAW, Electrode 
type 111 A-C, Heat input= 6 KJ/mm, 500 x. 
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• 
MICROGRAPH - 5 
500 x. 
ASTM A 710 grade A class 3, Base metal, 
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• 
MICROGRAPH - 6 ASTM A 710 grade A class 3, HAZ, FCAW, 
Electrode type 111 A-C, Heat input= 2 KJ/mm, 500 x. 
MICROGRAPH - 7 As Micrograph - 6, at smaller magnifica-
tion, 125 x, note the size of the HAZ 
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• 
MICROGRAPH - 8 ASTM A 710 grade A class 3, HAZ, FCAW, 
Electrode type 111 A-C, Heat input= 4 KJ/mm, 500 x. 
MICROGRAP~9 Same as Micrograph - 8, detail of the 
grain bou y, 1250 x. 
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• 
MICROGRAPH - 10 ASTM A 710 grade A class 3, HAZ, FCAW, Electrode type 111 A-C, Heat input= 6 KJ/nun, 500 x. 
MICROGRAPH - 11 As Micrograph - 10, at smaller magnifica-tion, 125 x, note the size of the HAZ 
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• 
MICROGRAPH - 12 ASTM A 710 grade A class 3, HAZ, FCAW, 
Electrode type 101 TM, Heat input= 4 KJ/mm, 500 x. 
MICROGRAPH - 13 ASTM A 710 grade A class 3, HAZ, SAW, 
Electrode AWS A5 23 EM2, Heat input= 4 KJ/mm, 500 x. 
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APPENDIX A 
RE:SULTS OF THE TESTING .. ON. 
ASTM A 808 
CONTENTS 
1) Impact Energy absorption vs. temperature curves 
Fig no notch location heat input 
Al Base metal -
A2 Base metal -
A3 Base metal -
A4 Weld metal 4 KJ/mm 
AS HAZ 2 KJ/mm 
A6 HAZ 2 KJ/mm 
A7 HAZ 2 KJ/mm 
AS HAZ 4 KJ/mm 
A9 HAZ 4 KJ/mm 
AlO HAZ 4 KJ/mm 
All HAZ 6 KJ/mm 
Al2 HAZ 6 KJ/mm 
Al3 HAZ 6 KJ/mm 
2.) Transition temperatures are indicated 
3) Transition temperature vs. heat input 
heat treatment are shown in Fig. Al4 
...... 9:::5. -
in 
stress relief 
at 620 °c 
none 
2 hours 
10 hours 
none 
none 
2 hours 
10 hours 
none 
2 hours 
10 hours 
none 
2 hours 
10 hours 
Table Al 
and stress relief 
.· 
Table Al ASTM A 808 
Transition temp.e,tEt"ture:s at :3 .. 4 .. J :(25· £.t·;11,). 
'.F.ig Heat input Stress relief Transition Upper shelf KJ/mm at 62 0 0 C temperature toughness . 
Base metal 
I Al 
.. non.e 
-4.4· oc >100 J A2 2 hours -:2:a oc >100 J . -·. A3 10 hours ., -2:s :oc. >100 J . . 
-
. Heat affe·c,ted :·z·on·e 
' 
: 
AS ·2 no:ne ~.4·.~ o:c: >.,10'.0 J· A6 :2. 2 hour.$ -5:2.: I 
. -··· .' 
o,c >.1_0:·o: ··J ', . I A·7 2 :10· :hours ~so. 0 c:. . >:l:.O;O J . 
; 
>100 
.. 
AS 4 none 
-16 0 C J 
. 
. . A9 4 2 hours 
-3 2 0 C :>··100 J . AlO 4 : ·10 hours 
-3 2 0 C .. >l:00 J 
. 
All 6 ' . 
.:none, 
-18 o.c >·i.o .. o J Al2 :6 2 ·hours. ~ 7 .o·c: ·>·1.00.: :J 
,· ..... Al3 6: :1·0 hour:s. +· 5 o.c·· .. >:1.00·: .J .. .. 
' 
,. 
" 
.. 
.. 
.. 
.. ,· .. 
,' 
. ' .. 
... •, 
. . 
I,, 
150 ...--------------------------------------------------------------....... 
t-:, 
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,/ 
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Figure Al Charpy illlpact energy absorption vs. ~ture 
AS'IM A 808 - Base metal 
Stress relief : none 
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Figure A2 Charpy impact energy absorption vs. temperature 
AS'IM A 808 - Base metal 
Stress relief: 2 hours at 620 °c 
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Figure A3 Crarpy inpact energy absorption vs. temperature 
AS'IM A 808 - Base metal 
Stress relief: 10 hours at 620 °c 
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Figure A4 Cllal:'py inpact energy absorption vs. temperature 
AS'IMA 808 - Weld metal 
FCAW - Electrode type 111 A-C 
Heat input : 4 la /mm 
Stress relief: none 
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Figure AS Olarpy impact energy absorption vs. temperature 
AS'IM A 808 - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 2 KJ /nan 
Stress relief: none 
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Figure A6 (harpy impact energy absorption vs. ·ten,pezature 
ASrrn: A 808 - Heat affected z·one 
FCAW - Electrod.e type 111 A-C 
Heat input : 2 KJ /nm 
Stress relief: 2 hours at 620 °C 
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Figure A7 Charpy impact energy absorption vs. temperature 
ASriM A 808 - Weldments 
Fe.AW - Electrode type 111 A-C 
Heat input . : 2 KJ /nun 
Stress relief: 10 hours at 620 °c 
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Figure AS Crarpy impact energy absorption vs. temperature 
AS'IM A 808 - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 4 KJ/nun 
Stress relief: none 
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Figure A9 Charpy ilrg;)act energy absorption vs. temperature 
AS'IM A 808 - Heat affected zone 
FC'AW - Electrode type 111 A-C 
Heat input : 4 K1 /nnn 
Stress relief: 2 hours at 620 °c 
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Figure Alo Charpy inpact energy absorption vs. telrq;)erature 
AS'IM A 808 - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 4 KT /nun 
Stress relief: 10 hours at 620 °c 
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Figure Bll Cl1arpy in-pact ene:cgy absorption vs. temperature 
AS'Df A 808 - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 6 K1 /nun 
Stress relief: none 
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Figure Al2 Olarpy ilrq:,act energy absorption vs. temperature 
AS'IM A sos - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 6 KJ/nnn 
Stress relief: 2 hours at 620 °c 
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Figure Al3 Charpy impact energy absorption vs. temperature 
AS'rn A 808 - Heat affected zone 
FCAW - Electrcxie type 111 A-C 
Heat input : 6 KJ /nun 
Stress relief: 10 hours at 620 °c 
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APPENDIX B 
RESULTS OF THE TESTING ON 
ASTM A 710 GRADE A CLASS 3 
' 
1) Impact Energy absorption vs. temperature curves 
Fig no 
Bl 
B2 
B3 
FCAW, 
B4 
BS 
B6 
B7 
BS 
B9 
BlO 
Bll 
B12 
Bl3 
notch location 
Base metal 
Base metal 
Base metal 
ELECTRODE DUAL SHIELD 
Weld metal 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
heat input 
-
-
-
TYPE 111 A-C 
4 KJ/mm 
2 KJ/mm 
2 KJ/mm 
2 KJ/nun 
4 KJ/nun 
4 KJ/mm 
4 KJ/nun 
6 KJ/nun 
6 KJ/mm 
6 KJ/nun 
FCAW, ELECTRODE DUAL SHIELD TYPE 111 A-C 
stress relief 
at 620 °C 
none 
2 hours 
10 hours 
none 
none 
2 hours 
10 hours 
none 
2 hours· 
10 hours 
none 
2 hours 
10 hours 
Bl4 HAZ 4 KJ/mm none 
SAW, ELECTRODE AWS 
Bl5 HAZ 4 KJ/nun none 
2) Transition temperatures are indicated in Table Bl and 
B2 
3) Transition temperature vs. heat input and stress relief 
heat treatment are shown in Fig. Bl4 
,.-
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Table Bl ASTM A 710 Grade A Class/ 3 
Fig 
Base 
Bl 
B2 
BJ 
Heat 
B5 
B6 
B7 
B8 
B9 
B10 
Bll 
B12 
Bl3 
FCAW - Electrode type 111 A-C Transition temperatures at 34 J (25 ft/lb) 
Heat input Stress relief Transition Upper shelf KJ/mm at 620 oc temperature toughness 
metal 
... 
none . -145 oc >200 J 
2 hours 
-147 oc >200 J 10 hours 
-148 oc >200 J 
affected zone 
2 none -94 oc >200 J 2 2 hours 
-59 oc >200 J ,• 2 10 hours 
-79 oc >200 J 
4 none 
* * 4 2 hours 
* * 4 10 hours 
* * 
6 none 
* * 6 2 hours 
* * 6 10 hours 
* * 
* see text 
' 
Table B2 ASTM A 710 Grade A Class 3 
Fig 
FCAW 
B14 
SAW 
Bl5 
FCAW - Electrode type 101 TM and SAW Transition temperatures at 34 J (25 ft/lb) 
Heat input Stress relief Transition Upper shelf KJ/nun at 620 oc temperature toughness 
- Electrode type 101 TM 
4 . 
-55 oc >200 J none 
4 none 
-55 oc >200 J 
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Figure Bl Chaipy illlpact energy absorption vs. temperature 
ASrrM A 710 Grade A Class 3 - Pase metal 
Stress relief: none 
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Figure B2 Charpy illlpact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Base meta] 
Stress relief: 2 hours at 620 °c 
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Figure B3 Charpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Base metal 
Stress relief: 10 hours at 620 °C 
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Figure B4 Charpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Weld meta] 
FCAW - Electrode type 111 A-C 
Heat input : 4 KJ /nun 
stress relief: none 
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Figure BS Charpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 2 KT/nun 
stress relief: none 
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Figure B6 C1arpy impact eneJ:gy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 2 Kr/nun 
stress relief: 2 hours at 620 °c 
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Charpy inl:>act energy absorption vs. temperature AS'IM A 710 Grarle A Class 3 - Heat affected zone FCAW - Electrode type 111 A-C Heat input : 2 Kr /nun 
Stress relief: 10 hours at 620 °C 
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Figure B8 Charpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected zone 
FCAW - Electrode type 111 A-C 
Heat input : 4 KJ/mm 
stress relief : none 
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Figure B9 Charpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected zone 
Fe.AW - Electrode type 111 A-C 
Heat input : 4 KJ /nun 
stress relief: 2 hours at 620 °c 
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Figure BlO Charpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected. zone 
FCAW - Electrode type 111 A-C 
Heat input : 4KJ /nnn 
Stress relief: 10 hours at 620 °c 
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Figure Bll Cl1arpy impact energy· absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected zone 
FCAW - Electrcx::le type 111 A-C 
Heat input : 6 KT /nun 
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Stress relief : none 
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Figure Bl2 Charpy ~ct energy absorption vs. temperature 
AS'Df A 710 Grade A Class 3 - Heat affected zone 
FCAW - Electrcx:le type 111 A-C 
Heat input : 6 Kr /nun 
Stress relief: 2 hours at 620 °C 
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Figure B13 Clarpy impact energy absorptio
n vs. temperature 
AS'DI A 710 Grade A Class 3 - Heat affec
ted zone 
FC'AW - Electrode type 111 A-C 
Heat input : 6 KJ /nun 
Stress relief: 10 hours at 620 °c 
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Figure B14 Charpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected zone 
SAW 
Heat input : 4 KJ/mm 
Stress relief: none 
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Figure BlS C1arpy impact energy absorption vs. temperature 
AS'IM A 710 Grade A Class 3 - Heat affected zone 
FCAW - Electrode type 101 'IM 
Heat input : 4 KJ /mm 
Stress relief : none 
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Fig. Bl6 ASTM A 710 Grade A Class 3 
Effect of heat input and post weld heat treatment 
on the transition temperature 
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APPENDIX C 
DETERMINATION OF THE COOLING TIME 
Assumptions 
1) The heat flow (cooling) occurs in three directions. 
This is a valid assumption for 38 mm and 51 mm thick 
plates welded with the flux cored arc process. 
2) The variation of the thermal conductivity with the 
temperature is neglected. An average value is adopted 
in the calculations: 
temperature range 1100 °C-1500 °C: 
temperature range 800 °C- 500 °C: 
0.028 J/mm sec 0 c 
0.035 J/mm sec °C 
Calculations 
The rate of cooling is defined as 
R = _g!_ = -~-~-~-1!_:_!Ql~ 
dt Hnet 
with R - cooling rate 
k - thermal conductivity 
T - temperature at which cooling 
-
rate is calculated 
To - starting temperature (preheat 
or interpass temperature) 
Hnet 
H 
t1 
accordingly 
dT 
dt = ----
R 
- net heat input = JJ H 
- total heat input -
- arc efficiency 
-
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°C/sec 
J/mm sec oc 
oc 
oc 
J/mm 
J/mm 
dT 
dt = ---- -
R 
-
-
-
' 
Hnet 
--------~--~----- dT 
2 n: k (T - To) 2 
Hnet 
-------
2 n k 
Hnet 
-------
2 k 
• 
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.. 
1 
---------(T - To) 2 
1 
---------(T - To) 
I 
dT 
T2 
Tl 
Results 
COOLING TIME FROM 1500 °C to 1100 °C 
H total H net To - 20 oc TO-q 100 
2 KJ/mm 1.5 
4 KJ/mm 3.0 
6 KJ/mm 4.5 
with H net 
~ 
-
-
-
KJ/mm 2.13 sec 2.43 
KJ/mm 4.26 sec 4.86 
KJ/mm 6.39 sec 7.29 
~ H total 
arc efficiency factor 
adopted value for fl 
COOLING TIME FROM 800 °C to 500 °C 
sec 
sec 
sec 
• 
• 
H total H net To - 20 oc To - 100 -
2 KJ/nun 1.5 
4 KJ/mm 3.0 
.. 
6 KJ/mm 4.5 
with H net 
r 
KJ/mm 5.46 sec 7.31 sec 
KJ/mm 10.9 sec 14.6 sec 
. 
KJ/mm 16.4 sec 21.9 sec 
= ti H total 
arc efficiency factor 
adopted value for JJ 
-
-
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• 
oc To - 200 oc -
2.91 sec 
5.83 sec 
8.74 sec 
0.75 
oc To - 200 oc 
11.3 sec 
22.7 sec 
34.1 sec 
0.75 
,., 
\ 
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